The Bcl-2 antagonist ABT-737 targets Bcl-2/Bcl-xL, but not Mcl-1, which may confer resistance to this agent in various cancers with high levels of Mcl-1. Here, we showed that the combination of gemcitabine and ABT-737 exhibited synergistic cytotoxicity and induced significant apoptosis in multiple cancer types, including lung, renal, bladder, and prostate cancers. The enhanced apoptosis induced by gemcitabine plus ABT-737 was accompanied by the greater extent of mitochondrial depolarization, caspases-3 activation, and PARP cleavage in 95-D and 5637 cell lines. Importantly, in ABT-737-resistant cancer cells, the interaction between USP9X and Mcl-1, which was increased by ABT-737 treatment, could be disrupted by gemcitabine, thus resulting in enhanced ubiquitination and the subsequent degradation of Mcl-1 and ultimately in the synergism of these two drugs. Moreover, the increased anticancer efficacy of gemcitabine combined with ABT-737 was further validated in a human lung cancer 95-D xenograft model in nude mice. Taken together, our data first showed the synergistic anticancer capabilities achieved by combining gemcitabine and ABT-737 and, second, opened new opportunities to use antiapoptotic Bcl-2 family members, which drive tumor cell resistance in current anticancer therapies, therapeutically. Mol Cancer Ther; 10(7); 1264-75. Ó2011 AACR.
Introduction
Antiapoptotic myeloid cell leukemia-1 (Mcl-1) is an essential modulator of survival during the development and maintenance of a variety of cell lineages (1, 2) . Its turnover, believed to be mediated by the ubiquitin-proteasome system, facilitates apoptosis induction in response to cellular stress (3) . Mcl-1 overexpression is associated with poor prognostic outcome and resistance to ABT-737 in several types of cancer cells (4) . Recent reports revealed that Mcl-1 stabilization may also be mediated by the deubiquitinase ubiquitin-specific peptidase 9, X-linked (USP9X; refs. 5, 6) . USP9X has been shown to regulate multiple cellular functions (7) (8) (9) (10) , and increased expression of USP9X in tumors is significantly associated with poor prognosis for patients with multiple myeloma (4). USP9X does not affect all apoptosis signaling pathways but specifically modulates those regulated by Mcl-1: USP9X binds to Mcl-1 and removes the Lys48-linked polyubiquitin chain that normally marks Mcl-1 for proteasomal degradation. Thus, the interaction between USP9X and Mcl-1 could enhance the stability of Mcl-1, and human tumors overexpressing Mcl-1 might also overexpress USP9X (4) .
Gemcitabine shows anticancer activity against a variety of solid tumors, including non-small-cell lung (11) , pancreatic (12) , bladder (13) , and breast cancers (14) . Gemcitabine is converted intracellularly to the active metabolites difluorodeoxycytidine di-and triphosphates (dFdCDP and dFdCTP). dFdCDP inhibits ribonucleotide reductase, thereby decreasing the deoxynucleotide pool available for DNA synthesis and causing DNA strand termination and apoptosis (15) . Combining gemcitabine with a second chemotherapeutic agent may be a logical way to potentially enhance response rates and prolong survival times for patients (16) (17) (18) .
ABT-737 is a small-molecule chemical that mimics the direct binding to the hydrophobic groove in Bcl-2, Bcl-xL, and Bcl-w and consequently prevents them from sequestering proapoptotic BH3-only proteins such as tBid, Bad, and Bim (2, 19, 20) . However, ABT-737 binds with lower affinity to the Bcl-B, Mcl-1, and Bfl-1/A1 proteins. ABT-737 has shown preclinical anticancer activity as a single agent or in combination with other chemotherapeutic agents against acute myeloid leukemia (AML; refs. 20, 21) , multiple myeloma (22) , lymphoma (23, 24) , chronic lymphocytic leukemia (25) , small-cell lung cancer (19, 26) , head and neck squamous cancer (27) , and acute lymphoblastic leukemia (1, 28) . Given that ABT-737 binds to Mcl-1 with low affinity, the high basal expressions of Mcl-1 in small-cell lung cancer cells (29, 30) and in other types of cancer cells (19, 31) have been validated to associate with the resistance to ABT-737 (24) . In our study, we showed for the first time that gemcitabine and ABT-737 in combination had substantial synergistic antitumor efficacy against human cancer cells both in vitro and in vivo. Chemical structures of the drugs are shown in Fig. 1A .
Materials and Methods

Materials
Gemcitabine hydrochloride was supplied by Shanghai Institute of Materia Medica, Chinese Academy of Sciences. ABT-737 was synthesized (>99% purity) according to the literature (Supplementary Materials and Methods; Supplementary Fig. S1 ; ref. 19) . The primary antibodies against GSK3b (H-76) , p-GSK3b (Ser-9), and horseradish peroxidase-labeled secondary anti-goat, anti-mouse, and anti-rabbit antibodies were purchased from Santa Cruz Biotechnology; cleaved caspase-3 (D-175) from Cell Signaling Technology. Cycloheximide (CHX) was purchased from Sigma-Aldrich.
Cell culture
Human renal carcinoma cell lines (SW-13), human lung cancer cell lines (95-D and A549), human prostate cancer cell line PC-3, and human bladder carcinoma cell lines (5637 and SCABER) were purchased from Shanghai Institute of Biochemistry and Cell Biology (Shanghai, China); they were tested and authenticated for genotypes by DNA fingerprinting. The cell lines were passaged for less than 6 months, and no authentication was done. All these cell lines were maintained in RPMI-1640 medium supplemented with 10% FBS plus 2 mmol/L glutamine and 50 units/mL penicillin, pH 7.4, in a humidified atmosphere of 95% air plus 5% CO 2 at 37 C.
Cytotoxicity assay
The antiproliferative activity of combination treatment with gemcitabine and ABT-737 was measured by MTT assay (32) . The inhibition rate on cell proliferation was calculated for each well as [(A570 control cells-A570 treated cells)/A570 control cells] Â 100%.
Analysis of apoptosis by Annexin V and propidium iodide staining
Apoptosis was quantified using the Annexin V-FITC/ PI Apoptosis Detection Kit (BD Biosciences) according to the manufacturer's instructions. Briefly, cells were then incubated with 5 mL Annexin V at room temperature for 15 minutes in the dark. Before flow cytometric analysis, 5 mL of 50 mg/mL propidium iodide (PI) stock solution was added to the samples. For each sample, 1 Â 10 4 cells were collected and analyzed using an FACSCalibur cytometer (Becton Dickinson).
Determination of mitochondrial membrane depolarization
Cells (5 Â 10 5 /well) were exposed to gemcitabine, ABT-737, or the combination for 12, 24, and 36 hours, collected, and resuspended in fresh medium containing 10 mg/mL 5,5 0 ,6,6 0 -tetrachloro-1,1 0 ,3,3 0 -tetraethylbenzimidazol-carbocyanine iodide (JC-1). After incubation at 37 C for 30 minutes, cells were analyzed by flow cytometry.
Protein preparation from tissue samples and Western blot analysis
Tumor samples were homogenized in extraction buffer (8 mol/L urea, 10% glycerol, 10 mmol/L Tris-HCl, pH 6.8, 1% SDS, 5 mmol/L dithiothreitol, 0.5 mmol/L phenylmethylsulfonyl, 1 mg/mL aprotinin, 10 mg/mL pepstatin, and 10 mg/mL leupeptin) by using Dounce tissue grinders. After centrifugation of tissue homogenates, the supernatants were transferred to a new tube and the protein concentration was determined. Proteins were fractionated on 10% to 15% Tris-glycine gels and then they were transferred to nitrocellulose membrane (Pierce Chemical) and probed with primary antibodies (dilution range: 1:500-1:1,000) followed by horseradish peroxidase-labeled secondary antibodies at 1:2,000 dilution. Antibody binding was then detected with the use of a chemiluminescent substrate and visualized on an autoradiography film.
Analysis of Bax conformational change by flow cytometry
Cells were fixed and permeabilized using FIX & PERM cell permeabilization reagents. Fixed cells were incubated with anti-Bax antibody on ice for 30 minutes. After washing with PBS, the binding of antibody was visualized with fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG (1:200; Sigma). A total of 10,000 cells were analyzed using Cell Quest software (BD Biosciences).
Real-time reverse transcriptase PCR
Total RNA was extracted from sample cells with TRIzol, precipitated with isopropyl alcohol, and rinsed with 70% ethanol. Single-strand cDNA was prepared from the purified RNA using oligo(dT) priming (Thermoscript RT Kit; Invitrogen), followed by SYBR-Green real-time PCR (Qiagen). The primers used are as follows:
Immunoprecipitation Cell lysates (250 mg of total protein) were incubated with primary antibodies (1:50) at slow rotation for 4 hours, followed by Protein A/G-conjugated agarose for an additional 1 hour. The beads were washed 4 times with lysis buffer containing protease inhibitor and phosphatase inhibitors, and the supernatant was removed by centrifugation (3,000 Â g, 1 minute). The pellet was mixed with loading buffer and heated to 95 C for 5 minutes, followed by immunoblotting. 3 , the mice were randomized to control and treated groups and then received vehicle [1% DMSO, 7% Cremophor/ ethanol (3:1), and 92% PBS, i.p. administration], gemcitabine (20 mg/kg, i.p. administration) once per week, ABT-737 (100 mg/kg, i.p. administration) twice per week for 20 days (n ¼ 10 per group). Tumor volume (V) was calculated as V ¼ (length Â width Â height)/2. The tumor volume at day n was expressed as relative tumor volume (RTV) according to the following formula: RTV ¼ TV n /TV 0 , where TV n is the tumor volume at day n and TV 0 is the tumor volume at day 0. Therapeutic effects of treatment were expressed in terms of T/C%, using the following formula: T/C (%) ¼ (mean RTV of the treated group/mean RTV of the control group) Â 100% (33).
Mcl
Statistical analyses
Two-tailed Student's t tests were used to determine the significance of differences between the experiment conditions. For in vitro experiments, combination index (CI) values were calculated for each concentration of gemcitabine, ABT-737, and the combination in cell proliferation assays by using Calcusyn (Biosoft; refs. 34, 35) . Different CI values were obtained when solving the equation for different effect levels, and the 80% effect was chosen for presentation. A CI value less than 0.9 indicated synergism; 0.1, very strong synergism; 0.1 to 0.3, strong synergism; 0.3 to 0.7, synergism; 0.7 to 0.85, moderate synergism; 0.85 to 0.9, slight synergism; 0.9 to 1.10, additive; and more than 1.10, antagonism.
Results
Cytotoxicity of the gemcitabine and ABT-737 combination in human cancer cell lines
We determined the cytotoxicity of gemcitabine and ABT-737 at clinically achievable concentrations ranging from 0.5 to 4 mmol/L in 6 human carcinoma cell lines by using the MTT cytotoxicity assay. Survival curves to gemcitabine, ABT-737, and gemcitabine combined with ABT-737 are shown in Fig. 1B . The in vitro cytotoxicity of ABT-737 as a single agent was not concentration dependent; a 10-time greater concentration resulted in a less than 50% increase in cytotoxicity in all 6 human cancer cell lines. However, in combination with gemcitabine, ABT-737 showed strong synergy (CI < 0.3) in the carcinoma cell lines tested (Fig. 1B ).
Gemcitabine synergized with ABT-737 to trigger apoptosis
Gemcitabine plus ABT-737 induced apoptosis and depolarization of mitochondrial membrane potential. (Fig. 2B and C) .
Combination therapy activated caspase cascades. We observed that treatment of cells with gemcitabine plus ABT-737 for 24 hours caused a significantly greater activation of procaspase-3 than did either agent used alone (Fig. 2D) . To further investigate whether caspase activation could play a role in the cytotoxicity induced by gemcitabine or ABT-737 singly or in combination, we pretreated 95-D cells with the pan-caspase inhibitor Boc-D-fmk before treatment with gemcitabine, ABT-737, or the combination. Only 5.54% of apoptotic cells pretreated with Boc-D-fmk for 1 hour, followed by incubation with gemcitabine and ABT-737, were detected compared with 33.86% in combination treatment group, suggesting that the cytotoxicity induced by combination treatment of 95-D cells was caspase dependent (Fig. 3A) .
Gemcitabine combined with ABT-737 abolished the interaction between Mcl-1 and Bax. Several studies have shown that high levels of Mcl-1 confer resistance to ABT-737 (36) . We were thus interested in examining the involvement of Mcl-1 in the gemcitabine and ABT-737 combination treatment. Interestingly, we found that ABT-737 increased the expression of Mcl-1 in ABT-737-resistant 95-D and 5637 cell lines whereas Mcl-1 expression was dramatically downregulated in gemcitabine plus ABT-737 combination treated cells compared with gemcitabine alone, indicating that Mcl-1 might be involved in the synergistic effect of combination treatment (Fig. 2D) . Mcl-1 could heterodimerize with Bax to prevent mitochondrial membrane permeabilization (37) . We determined the involvement of Bax in enhanced mitochondrial control of apoptosis induced by the combination of gemcitabine and ABT-737. Although the protein level of Bax remained unchanged in combination treated 95-D cells ( Supplementary Fig. S2 ), a significant conformational change was observed using flow cytometric analysis with an antibody against the activated form of the Bax protein (Fig. 3B, left) . To confirm the synergistic mechanism of combination, coimmunoprecipitation study of Mcl-1 with Bax was carried out on lysates from gemcitabine, ABT-737, combination, and vehicle-treated 95-D cells. As shown in Figure 3D shows that Mcl-1 protein levels decreased more rapidly in the combination treatment group than that in single-agent groups, indicating that a promotion of Mcl-1 degradation was involved in the synergistic effect of gemcitabine and ABT-737.
Increased Mcl-1 levels led to resistance to ABT-737. To explore the mechanism of differing ABT-737 sensitivity among cell lines, we first examined the cytotoxicity of ABT-737 in 4 human carcinoma cell lines ( Supplementary  Fig. S3 ). In addition, we explored the relationship between ABT-737 cytotoxicity and the expression of Mcl-1 and USP9X. Next, we selected 2 highly resistant ABT-737 cell lines (95-D and 5637) and 1 ABT-737-sensitive cell line (SCABER) and examined the Mcl-1 and USP9X protein and mRNA levels after treatment with ABT-737 for 12 and 18 hours (Fig. 4A and B) . As shown in Fig. 4A ABT-737 treatment compared with vehicle control for 5637 and 95-D, which were 4.3-fold and 33.7-fold, respectively). In contrast, we observed that Mcl-1 mRNA and protein levels decreased with increased exposure to ABT-737 in SCABER cells. GSK3b has been shown to increase Mcl-1 turnover and thereby promote apoptosis (38) . However, we did not observe a change in p-GSK3b (Ser-9) expression with gemcitabine and ABT-737 combination treatment (Supplementary Fig. S2 ). The USP9X-Mcl-1 interaction stabilizes Mcl-1 and thereby promotes cell survival, which implicates overexpression of Mcl-1 and USP9X (4). Our results showed that USP9X protein and mRNA increased in ABT-737-resistant cell lines but decreased in the ABT-737-sensitive cell line, implicating the relationship between sensitivity to ABT-737 and the overexpression of USP9X (Fig. 4A and B) . Therefore, we next examined the interaction between USP9X and Mcl-1 in 95-D and 5637 cells treated with 2 mmol/L ABT-737 by immunoprecipitation and found that ABT-737 could increase the binding of USP9X to Mcl-1 in 2 ABT-737-resistant cell lines (Fig. 4C) .
Gemcitabine disrupted the enhanced interaction of USP9X and Mcl-1 by ABT-737. The above data implied that the ABT-737 resistance was likely due to the interaction of USP9X and Mcl-1. To explore mechanisms underlying the ABT-737 sensitivity that was induced by gemcitabine, we first examined Mcl-1-ubiquitin conjugation in gemcitabine-and/or ABT-737-exposed cells by immunoprecipitation. As shown in Fig. 4D (top) , gemcitabine plus ABT-737 treatment could increase the ubiquitination of Mcl-1 compared with single-agent treatment, indicating that Mcl-1 degradation by ubiquitination was involved in the synergistic effect of gemcitabine and ABT-737. Next, we tested whether gemcitabine plus ABT-737 treatment could affect the interaction between USP9X and Mcl-1 in 95-D cells. Intriguingly, we observed that gemcitabine could disrupt the increased interaction between USP9X and Mcl-1 caused by ABT-737 treatment (Fig. 4D, bottom) . Thus, gemcitabine might attenuate the deubquitination of Mcl-1, which would agree with our observation that the combination treatment could increase the ubiqutination of Mcl-1 in 95-D cells. These results showed that gemcitabine could sensitize cells to ABT-737 via disrupting the interaction between USP9X and Mcl-1 to inhibit the expression of Mcl-1.
RNA interference of Mcl-1 and USP9X sensitized cells to combination gemcitabine and ABT-737 treatment
To validate the contribution of the modulation on USP9X and Mcl-1 by the gemcitabine and ABT-737 USP9X knockdown amplified the apoptosis induced by gemcitabine and ABT-737. Figure 5B shows that USP9X knockdown sensitized 95-D cells to the apoptosis induced by gemcitabine plus ABT-737 combination, but it had little effect on either gemcitabine or ABT-737 single-treatment groups. Furthermore, the caspase cascade was significantly activated when USP9X-depleted 95-D cells were treated with gemcitabine plus ABT-737 (Fig. 5C) , as indicated by the decreased levels of procaspase-3 and PARP. These results showed the vital role of USP9X downregulation in the apoptosis caused by the combination of gemcitabine and ABT-737 in 95-D cells.
The antitumor activity of gemcitabine and ABT-737 combination therapy against human 95-D xenografts
The combination of gemcitabine and ABT-737 arrested tumor growth. To further characterize the anticancer efficacy of gemcitabine and ABT-737 combination treatment, the in vivo activity of gemcitabine and ABT-737 was Fig. 6A , the i.p. administration of ABT-737 at a dose of 100 mg/kg twice per week for 20 days produced no significant difference in mean RTV compared with that of the control group (mean RTV, ABT-737 vs. control: 12.0 vs. 12.7; P > 0.05). However, with the dosage of 20 mg/kg every week for 20 days, gemcitabine exerted a moderate tumor growth inhibitory effect (mean RTV, gemcitabine vs. control: 9.3 vs. 12.0; P < 0.05). As predicted, gemcitabine plus ABT-737 caused marked tumor growth inhibition (T/C value: 33.0%), significantly greater than gemcitabine (T/C value: 81.3%) or ABT-737 treatment alone (T/C value: 104.6%; mean RTV, combination vs. gemcitabine: 4.2 vs. 9.3; P < 0.01). Furthermore, compared with the initial body weights, combination treated mice showed no significant body weight loss on day 20. Thus, the synergistic effect of gemcitabine and ABT-737 was further validated in vivo on 95-D xenografts.
The combination therapy induced apoptosis and downregulated Mcl-1 in tumor tissues. We next explored the effect of gemcitabine and ABT-737, alone and in combination, on the expression of the apoptosis-related proteins in tumor tissues from drug-administrated mice. As shown in Fig. 6B , caspase activation was triggered with the combination therapy in nude mice. Importantly, the expression of Mcl-1 was consistent with the aforementioned cell culture data (Fig. 2D) , highlighting the involvement of these proteins in the tumor growth inhibitory effects exerted by gemcitabine and ABT-737 in vivo.
Discussion
ABT-737, a potent small-molecule inhibitor of antiapoptotic members of the Bcl-2 family, is a promising therapeutic agent for multiple malignancies. However, the majority of the cell lines derived from solid tumors seem to be resistant to ABT-737 treatment (28, 39) . Mcl-1 is the major factor that causes resistance to ABT-737 in cancer cells derived from diverse solid tumors. Gemcitabine has been widely used for patients with relapsed or refractory solid tumors, especially when combined with chemotherapeutic agents (40) (41) (42) (43) , aiming to improve the anticancer efficiency with lower toxicity. Downregulation of Mcl-1 was observed with treatments of gemcitabine combined with other chemotherapeutic agents, thus the combination of gemcitabine (Mcl-1-downregulating agents) with ABT-737 could be potent therapeutic regimens for patient with ABT-737-resistant solid tumors (22) .
In our preliminary in vivo experiment, mice were administrated with 100 mg/kg gemcitabine and/or 100 mg/kg ABT-737 once weekly for 19 days (the dosing regimens in the literature; refs. 40, 44), but severe toxicity was observed in mice administrated with gemcitabine. Although gemcitabine decreased tumor weight by 77%, 1 of 5 mice died of gemcitabine-related toxicity, and for remainder, toxicity became unacceptable, as the body weight loss was more than 30%. Thus, in the present study, gemcitabine was administrated at the dosage of 20 mg/kg once weekly and tumor growth inhibitory effect was observed from day 7 whereas gemcitabine plus ABT-737 synergistically arrested tumor growth from day 4. The synergistic effect was observed from the 95-D xenograft nude mice model (Fig. 6A) . As single agents, gemcitabine and ABT-737 merely displayed insignificant activities against 95-D xenograft model, respectively; in contrast, the coadministration of gemcitabine and ABT-737 apparently arrested tumor growth by 56.5%. Moreover, there was no difference in body weight loss between combination and gemcitabine treatment groups. These results suggested that gemcitabine and ABT-737 combination synergistically inhibited tumor growth and had minimal toxicity in vivo.
In our study, the synergistic anticancer effects in vitro and in vivo achieved by gemcitabine plus ABT-737 were observed in human cancer cells. Our results showed that the cytotoxicity of gemcitabine as a single agent and the combination cytotoxicity of gemcitabine plus ABT-737 in the 95-D and 5637 cell lines occurred via caspase-dependent apoptosis. In addition, loss of mitochondrial membrane potential was significantly greater with gemcitabine plus ABT-737 than with either drug used alone. Cytosolic Bax is unable to induce apoptosis, and blocking Bax translocation inhibits cell death (45) . We found that Bax conformational change occurred only in 95-D cells exposed to both gemcitabine and ABT-737. We also detected changes in p53, NF-kB, and Bcl-2 family proteins (i.e., Bcl-xL, Bid, and Bcl-2) in 95-D and 5637 cell lines treated with gemcitabine and/or ABT-737 for 12 and 24 hours. However, no synergistic effect was observed for these proteins, indicating that they were not involved in the cytotoxicity induced by the combination of gemcitabine and ABT-737 (data not shown).
The basal expression level of Mcl-1, to which ABT-737 has a low affinity, has been associated with resistance to ABT-737 in AML (20) , lymphoma (23), CLL (25) , and many other cancer types (22, 26, 46) . ABT-737 was less efficient in killing tumor cells exhibiting relatively high levels of Mcl-1 (47) , and downregulation of Mcl-1 was observed in cancer cell sensitization to ABT-737. We found that the basal expression of Mcl-1 in 5 human solid tumor cell lines was not associated with sensitivity to ABT-737 (data not shown). However, overexpression of the proapoptotic protein Bax was observed in the ABT-737-sensitive cell line SCABER, indicating that the basal expression of Bax may be involved in ABT-737 sensitivity of solid tumors (data not shown). This phenomenon needed to be further investigated in other solid tumor cell lines. Although the basal expression of Mcl-1 had no correlation with ABT-737 sensitivity in solid tumors, we found that the resistance to ABT-737 was associated with an increase in Mcl-1 protein expression in response to ABT-737 in the cell lines tested. In the meanwhile, we found that gemcitabine and ABT-737 exerted synergistic effect on cancer cells with decreased expression of Mcl-1 protein (Fig. 2D) . Thus, we hypothesized that low expression of Mcl-1 contributed to the synergistic effect in 95-D cell lines. To further confirm the role of Mcl-1 in gemcitabine and ABT-737 combination, we designed Mcl-1 siRNA experiment and found that knockdown of Mcl-1 by siRNA could significantly sensitize 95-D cells to apoptosis induced by gemcitabine and ABT-737 combination. The low level of Mcl-1 could make Bax to release more easily and induce more apoptosis (23) . Therefore, our observations suggested that Mcl-1 might be involved in the synergistic effect of gemcitabine and ABT-737 combination.
In recent years, more and more studies have revealed the involvement of deubiquitinating enzymes in cancers as well as in other diseases (8, 48) . USP9X, a ubiquitin-specific protease family member, is shown to regulate ubiquitination of different signal transduction pathway proteins, including AMPK (48), TGFb (8), ErbB2/HER2 (49) , and ASK1 (7). It has been reported that deubiquitinase USP9X stabilizes Mcl-1 and promotes tumor cell survival. Knockdown of USP9X increases Mcl-1 polyubiquitination, which enhances Mcl-1 turnover and cytotoxicity by ABT-737 (4). In the present study, we observed that knockdown of USP9X in 95-D cells increased gemcitabine plus ABT-737-induced apoptosis but not apoptosis was induced by gemcitabine or ABT-737 alone (2 mmol/L). In addition, a significant increase in ABT-737 (4 mmol/L)-triggered apoptosis was observed in the cells transfected with USP9X siRNA compared with that of the control siRNA group (data not shown). We also showed that the increase in Mcl-1 protein expression might be due to the enhanced interaction between USP9X and Mcl-1 in ABT-737-resistant solid tumor cell lines upon treatment with ABT-737, and this interaction could be disrupted by gemcitabine, which might contribute to the sensitization to ABT-737.
In conclusion, we present evidence showing better therapeutic activity of gemcitabine when combined with ABT-737 both in vitro and in vivo. Our results also show that gemcitabine plus ABT-737 combination treatment synergistically induced caspase-dependent apoptosis via disrupting the interaction between USP9X and Mcl-1. Therefore, a combination chemotherapy regimen incorporating a small-molecule BH3-mimetic with gemcitabine warrants clinical investigation in solid tumors.
